The design of sustainable, cost effective processes, with perfect control of product quality, calls for strongly enhanced capabilities of designers. A thorough training in both fundamentals of design methods and CAPE tools as well as in the associated work processes is required to become an expert designer. Manufacturing and engineering companies in the Netherlands have indicated that a more advanced training in design is needed to meet the upper range of design capabilities. The Dutch chemical engineering departments responded by developing specialised two-year postgraduate studies in process systems design. As an example the structure and contents of a post-graduate study in process design at Delft University of Technology is highlighted and evaluated.
Introduction
This paper describes and evaluates a higher level of engineering education in process design, as developed and practised by the chemical engineering departments of the technical universities in The Netherlands. It is a relatively new branch of the educational model for the engineering sciences with a clear focus on the integrative features of design. Furthermore, it offers a higher level of expertise to start a career in chemical engineering. This educational innovation must be placed against the background of the conventional academic engineering education on the European continent. About a fifteen years ago the manufacturing industry in the Netherlands pointed out that in the future a higher level of expertise in design of complex technological systems was needed, for reasons outlined in section 2. The technical universities have responded by developing post-graduate studies in the design of technological artefacts, as a follow-up to the graduate MSc level. The objectives of these two-year, full time studies are reviewed in section 3. Taking the post-graduate study developed by the Chemical Technology Department of Delft University of Technology as an example, the specifics of this study are explained with particular attention to CAPE elements (section 4). The experiences with this study are predominantly positive (section 5). Yet, the rapid pace of change in CAPE technology in particular and the process industry in general calls for continued developments in order to remain effective (section 6).
Increased design capabilities: needs and means

Wider horizons in the Process Industry
The drive for a sustainable society and for products with a high customer satisfaction with respect to cost and quality challenges scientists and engineers to think and act over much wider horizons than before. For example, the design and operation of chemical processes must integrate at least four different perspectives.
• The product life span A chemical product (e.g. a polymer) passes through three processes during its life span: (1) manufacturing, (2) application and (3) recycling or recovery (of spent product). The design of each of these processes must acknowledge the functional requirements of the other two processes and contribute to an optimisation over the entire product life span.
• Integration in a supply chain Many plants are imbedded in a supply chain on a site or within an enterprise. The main product is often an intermediate, to serve as a feed for other plants or to be sold as a finished product. The supply chain will exert its influence in the design and operation of such a plant by imposing additional constraints and economic trade-offs along the chain.
• Optimisation over process life span The physical life of a plant can be much longer than the economic life span of a product (grade), implying that the plant must be flexible enough to handle different product grades. Furthermore, minimisation of life cycle costs forces one to strike a balance between investments in equipment and the resulting contributions to operational costs.
• Integration over multiple scales within and outside a process. The concept of a process as just a connection of unit operations is not sufficient anymore. At the upper scale (in time, space) integration between a process and the site (utilities, supply chain) is required, in both design and operations. However, it is at the lower scales that new opportunities arise for better control of product properties and for process innovations. Especially, processes for the manufacture of products with an internal spatial structure (e.g. polymers, crystals, emulsions, and catalysts) demand a multi-scale approach to the simultaneous designs of product and process. In summary, the increasing interactions between a process and its business environment and the needs for a more finely tuned internal process structure call for enhanced design capabilities to integrate the multi-scale features.
CAPE related innovations
This growth in demands from industrial practice has stimulated new developments in process engineering. In addition, the autonomous developments in computing and information technology have given rise to a wide array of new methods and tools for process design, control and optimisation of operations. Grossmann and Westerberg (2000) present a list of some major accomplishments in the PSE/CAPE area. However, the level of abstraction of many methods and the complexity of the computational schemes of these tools are high. To become a reliable, expert user of these tools one IN: PROCEEDINGS EUROPEAN SYMPOSIUM ON COMPUTER-AIDED PROCESS ENGINEERING -12, SERIES: COMPUTER-AIDED CHEMICAL ENGINEERING, 10, ED. J. GRIEVINK AND J. VAN 3. Innovation in design education at Dutch universities.
Structure of university education in design
In late eighties the Netherlands industry were concerned about graduate education in engineering not being able to meet the upper range of the future demands for design capability. The main reason being the existing academic focus on developing capabilities for research rather than design. The education gives high priority to acquiring fundamental knowledge in the pertinent domains of natural sciences and engineering and to developing strong analytical skills. Although room is made for an introduction to design, it is not enough to confidently deal with the design complexity of modern technological systems. A doctorate in engineering research is not fully adequate for design either, although research on design methods and tools creates an excellent fundamental understanding in general. But a doctorate typically leads to highly trained specialists who can go in great detail, rather than pursuing the broader, integrative approach as needed for design. Furthermore, the organisational and social aspects of the work processes in design often fall beyond the scope of recognised research. To close this gap the technical universities established a specialised post-graduate study in design of complex technological systems. It is a two-year, full time study, starting from a MSc level in engineering. This study is a generic complement to a Doctorate in engineering. The study is (partially) funded by the government, who gave equal status to the design and research students. The completion of an post-graduate design study is rewarded with a certified degree 'Master in Technological Design'. The design objects can be technical products, processes and systems for control and logistics. The study has a focus on the integrative aspects of systems engineering. The key objective is to learn and master the design process, including its associated methods, tools and procedures.
Objectives
The objectives of the advanced design study can be further specified by looking at aspects of the designer's conceptual environment and their mental outfit.
• Interface between a designer and the business and society in general. To be capable of developing a consistent Basis of Design, including different performance criteria of economic, ecological and technological nature.
• Design methods, tools and technical procedures. To get a thorough understanding and mastery of the technical aspects of design with a focus on the conceptual phase.
• Work processes and project organisation. To understand and experiment with the social, organisational and management aspects of the work processes.
• Knowledge of relevant disciplines of science and engineering. To extend and deepen knowledge of a relevant mix of disciplines.
• Individual characteristics. To understand and train individual characteristics (creativity, social and management).
Post-graduate chemical process design in Delft
Entrance level
The preferred entrance level of expertise in design can be characterised by briefly reviewing the graduate education in Chemical Technology at Delft University as a typical example. Representative process engineering subjects in the core curriculum are:
• Chemical process technology • Risk analysis and management;
• Process dynamics and control;
• Computer laboratory in process simulations;
• Process systems design (based on Douglas, 1988) or, chemical product design. The integration and application of the acquired knowledge takes place at the end of the fourth year by means of the:
• Conceptual Process Design project (12 weeks effort in a team of four students) The courses and projects in process design are accredited by the British Institution of Chemical Engineering and ABET. While at this stage of education the students obtain the experience of making a design of a (conventional) continuous process with simple products (e.g. base chemicals), they do not yet master the design process in general. Students admitted to the post-graduate study end coming from other universities have a similar profile of initial design expertise.
Post-graduate study in Process and Equipment design
The post-graduate study aims for higher levels of abstraction, understanding and creativity, i.e. to master the design process. The focus remains on the conceptual design stage. A post-graduate design student learns:
(a) To think in life span and supply chain dimensions (as outlined in section 2.1); (b) To master methods and CAPE tools for the design and integration of a process, involving synthesis, analysis, evaluation and optimisation steps for the process and its control; (c) Deal with the non-technical elements of the design process.
These latter two points reflect the generic objectives outlines in section 3.2. A more complete overview of the study and its organisation can be found at the web-site: http://www.dct.tudelft.nl, looking under Delft Ingenious Design.
Post-graduate study: first year courses and design project
The major part of the first year (28 weeks) is spent on knowledge expansion, both on engineering and non-technical topics. This expansion will be tailored to the needs of the individual student, depending on the profile acquired in the preceding education. The non-technical topics involve, among others, project organisation, economic evaluations in the process industry, presentation and writing skills. Some CAPE topics are:
• Advanced process design (e.g. Biegler et.al., 1997; Seider et.al. 1999 Edgar, et.al., 2001 ); All teaching is in English, using international text books. For each course the students are also trained in using the associated CAPE tools, e.g. process dynamic simulators, heat integration design, control design. In addition to these topics students can take courses in catalysis and reactor engineering, and in separation technology. The remainder of the first year (15 weeks effort) is devoted to a group design project, in which project management and teamwork can be practiced. A manufacturing or an engineering contracting firm usually commissions the design problem. The basis of design has to be extracted from the problem owners in a negotiation process. Design alternatives are to be generated, evaluated and compared. In addition to writing a design report, the results must be orally presented and defended to some experienced process designers of the commissioning firm.
Post-graduate study: second year design project
The full second year is spent on an individual design project (42 weeks) in an industrial setting on a contract basis. Here, the challenge is to demarcate a tractable design problem in a real life environment and solve it adequately in time and with limited, available means. The design is often combined with some experimental process development work to generate data for design or with optimisation of plant operations. This project can be carried out on the site of the commissioning firm or in a university laboratory. The design student is responsible for managing his own project. Consultants to the project advise the student, which will be academic staff and a process engineer of the commissioning firm. Some examples of recent design projects are:
• Degassing process for plastics;
• New process for IPA production;
• ETBE recovery using permeative distillation;
• Debottlenecking of a desulphurisation unit;
• Processes for food products (e.g., Yadhav et al., 2002) .
Experiences and evaluation
Recruitment of students
Since the start in 1991 the number of applicants have exceeded the number of available places for many years. However, the number of admitted students with suitable qualifications was lower than the maximum capacity (~15 students per year). This screening for admittance has kept the attrition rate below the ten-percent. Since 1998 it is difficult to attract enough qualified students from the Netherlands:
• Low number of chemical engineering students (~ 60 % drop in 5 years);
• The short term prospect of making more money in industry as junior engineer;
• Concerns about international recognition of this type of study, since it deviates from the international education pattern BSc, MSc and PhD. Yet, recruiting on an international scale appears to be effective; most design students are now from abroad. Although this study also offers a nice opportunity for process design engineers to take a break from an industrial job and upgrade their knowledge, this has hardly happened so far. It is an option to be developed for the future.
Starting positions of designers
About 40 % ends up in the process industry, 30 % with engineering-contracting firms, 7 % goes to consultancy firms and 7 % goes to work for (semi-) governmental institutes of technology. Less than 7 % stays on at a university (for a PhD degree). Industry recognises the added value of these designers by the fact that they are found to be effective almost immediately after their start. This is reflected in starting salaries and rate of rise.
Quality control with industrial feed back
Every five years a committee of the National Accreditation Board reviews the quality of the post-graduate design studies. Each committee includes design experts from the industry. For the Delft course these experts have given recommendations with respect to its contents; i.e. putting more emphasis on process dynamics and plant wide control design and on project management skills. The appreciation for these design study is also reflected by companies volunteering to offer design projects.
Future developments
This post-graduate design study has proven effective from an educational point of view. The process industry recognise the advanced skills of these designers. Attracting enough talented students and finding more international recognition remain challenges. The technical contents of the courses will be adapted to anticipate the developments in the process industry. More attention need to be given to processes for structured products and for multiple modes of production. Last but not least, the advances in computer aided product and process synthesis need to be captured in the teaching.
